We generate spin currents in an 87 Rb spin-2 Bose-Einstein condensate by application of a magnetic field gradient. The spin current destroys the spin polarization, leading to a sudden onset of twobody collisions. In addition, the spin coherence, as measured by the fringe contrast using Ramsey interferometry, is reduced drastically but experiences a weak revival due to in-trap oscillations. The spin current can be controlled using periodic π pulses (bang-bang control), producing longer spin coherence times. Our results show that spin coherence can be maintained even in the presence of spin currents, with applications to quantum sensing in noisy environments.
Understanding and manipulating spin dynamics is a major area of interest in condensed matter physics. In particular, the control of spin currents is a key ingredient in applications such as spintronics which has been extensively studied in solid state systems [1, 2] . Although such studies originated in the field of condensed matter, related phenomena including spin segregation [3] [4] [5] and the spin hole effect [6] have been demonstrated in ultracold atomic gases. In addition, the control of spin current in quantum gases has been utilized to study superfluidity, and a rich variety of phenomena such as dark and bright solitons and modulational instability have been observed [7, 8] .
A different perspective on these spin transport effects is found in the field of quantum sensing. Here, spin currents can be a source of dephasing, and the associated decay of coherence and therefore sensitivity requires that spin currents be controlled. Dynamical decoupling techniques such as quantum bang-bang control [9] , in which undesired environmental interactions are averaged out by repeated application of suitable pulses, provides one powerful solution for this purpose. By application of dynamical decoupling, it has been theoretically shown that spin coherence can be prolonged in a spin-1 Bose gas [10] . Furthermore, the effects of weak magnetic dipole-dipole interactions (MDDIs) have been revealed [11] and controlled using dynamical decoupling techniques [12] . Experimentally, dynamical stabilization was demonstrated in a strongly interacting spin system by application of periodic microwave pulses [13] .
In the present study, we demonstrated the application of the bang-bang control technique to spin currents in an 87 Rb F = 2 Bose-Einstein condensate (BEC). We prepared a BEC in a transversely polarized spin state by applying a radio frequency (rf) pulse to the F = 2, m F = −2 hyperfine state. Spin currents were then generated by application of a magnetic field gradient along the trap axis of the BEC. We observed the spin current by measuring the relative center of mass (COM) of each spin component, providing a direct measurement of the spin transport, as opposed to mere observation of "spin texture" in the BEC density distribution. We observed the sudden onset of spin-changing and inelastic collisions. In addition, we probed the spin coherence properties of the condensate in the presence of the spin current by performing Ramsey interferometry. The interferometer fringe visibility was found to reduce drastically after a few tens of msec, with a weak revival due to in-trap oscillations of the spin current. We show that these spincurrent induced phenomena can be largely suppressed by bang-bang control consisting of periodically applied π pulses.
We note that in Ref. [14] , the variation of spin direction induced by an AC magnetic field at a specific frequency was extracted by using the spin echo technique with a single π pulse which removed the effect of the slowly varying magnetic field and the helicity of the spin caused by the magnetic field gradient [15] . Our results in the present paper imply that sensitive AC magnetometry is possible even in the presence of a DC spatially inhomogeneous magnetic fields if the bang-bang control technique is utilized. In addition, the application of bangbang pulse enables control over the bandwidth of AC magnetometers [16, 17] .
We now move to the setup used in our experiments. We produce an 87 Rb BEC containing 2.8(2) × 10 5 atoms in the hyperfine state F = 2, m F = −2 in a crossed far off-resonant optical dipole trap (FORT) with axial (z direction) and radial frequencies of ω a /(2π) = 20 Hz and ω r /(2π) = 100 Hz (see Ref. [15] for a more detailed description). The bias magnetic field and its gradient along the z direction (i.e. along the trap axis) are B z = 92.6 mG and dB z /dz = 15 mG/cm.
In order to observe and control the spin dynamics, various rf pulse sequences are applied to the BEC in its initial F = 2, m F = −2 state. Firstly, a transversely polarized spin state is prepared by application of a π/2 pulse at the start of each of sequence inducing Larmor precession in the x − y plane perpendicular to the external magnetic field, and then the gradient magnetic field of 15 mG/cm along z direction creates the spin current. We note that for a smaller gradient of 3 mG/cm and similar experimental conditions, the MDDI influences the spin dynamics [19] making this lower gradient regime less suitable for studying pure spin current effects. After variable holding time, T hold , the BEC is released from the FORT. Each m F component is spatially separated along the z direction using the Stern-Gerlach (SG) method. The atomic distribution of each m F component is measured using absorption imaging, after the time-of-flight (TOF) of 15 ms. Figures 1(a) show the typical absorption images obtained using sequence1 and 2, and each sequence is depicted in the insets of the top row of Figs. 1(b) and 1(c) respectively. Just after the first π/2 pulse, each m F component is populated in the ratio of p 0 : p ±1 : p ±2 = 3/8 : 1/4 : 1/16, as shown in top image of Fig. 1(a) , where p mF is the relative population for m F component. As seen in Fig. 1 , in the case of sequence1, hold times of a few tens of msec lead to distinct changes in the m F populations relative to the initial distribution.
In order to confirm the generation of spin current we focus on the relative position of each m F component.
The top panel of Fig. 1(b) shows the relative center of mass (COM) positions along the z direction for the m F = ±1 and ±2 components, where the COM position of the m F = 0 component is assumed to be zero. When T hold 50 ms, the positive m F components move in the opposite direction to the negative m F components, and the distances moved by the m F = ±2 components are about twice as large as those seen in the case of m F = ±1. This behavior means that the spin current is successfully induced by the spin dependent force arising from the magnetic field gradient. This force is proportional to
The other feature of the observed spinor dynamics is the change of the relative population. The bottom panel of Fig. 1(b) shows the spin populations (p +2 + p −2 , p +1 + p −1 , p 0 ) versus T hold , where p mF = N mF /Σ mF N mF and N mF is the atom number for m F component. The population in each m F component changes drastically after T hold ∼ 35 ms [Grey area in the bottom panel of Fig. 1(b) ]. Similar observations were observed in spin-1 and spin-2 BEC systems and so-called spin mixing [20] [21] [22] [23] where they were induced by spin-changing elastic collisions. Spin-changing collisions do not occur for the initial state of our system produced by the application of π/2 pulse applied to the fully polarized state (F = 2, m F = −2). In the time evolution, however each m F component acquires a momentum ∝ m F induced by the magnetic field gradient force and acquires a kinetic energy ∝ m 2 F . This energy difference creates a different phase-shift for each m F component, and thus the transverse spin polarization is destroyed by the spin current, which would cause the spin-changing collisions. A similar m F dependent phase-shift can be induced by the quadratic Zeeman effect [24, 25] , although we note that the quadratic Zeeman shift is negligible in the current experiment because the bias magnetic field is small.
The solid and dashed curves in bottom panel of Fig.  1(b) indicate numerical simulation results from coupled Gross-Pitaevskii (GP) equations with and without MDDIs. Details of the simulation method are described elsewhere [19] . Although both curves reproduce the population oscillation, quantitative differences occur after T hold ∼ 75 ms, with better agreement found in the case of MDDI inclusive simulations. The differences seen between the simulated population dynamics in the absence and presence of MDDI are surprising given the weak nature of the MDDI in 87 Rb. The exact role of the MDDI in the present experiment is still unclear and is currently under investigation. Figure 2 shows the total atom number versus T hold . Compared with the case in which no rf pulse is applied to the BEC (the square marks in Fig. 2 ), the total atom number for sequence1 (the circle marks in Fig. 2 ) is drastically reduced with essentially the same timing as the precipitous change of populations seen in Fig. 1(b) . This enhancement of the atom loss can be understood as the increase of the hyperfine-changing inelastic collision, which is caused by the same mechanism as the spin-changing elastic collisions.
In order to control the spin current and spin currentinduced phenomena, we apply a π pulse in the middle of T hold as shown in the inset of Fig. 3 . Since the π pulse inverts the sign of m F , the direction of the spin dependent force proportional to −m F dB z /dz is also inverted. We therefore expect that the spin current will be decelerated and the enhancement of spin-changing collisions should be reduced. As shown in Fig. 3 , although the m F populations are almost constant up to T hold ∼ 70 ms, they change drastically after 70 ms. This population change can be understood due to the spin-changing elastic collisions induced by the spin current. However, we note that the time of onset of the spin changing collisions has been effectively doubled from ∼ 35 ms as seen in Fig. 1(b) to 70 ms here. This is due to the application of the π pulse. This suggests that in order to suppress the effect of spin-changing collisions, it is important that the first π pulse is applied before significant collisions occur. In order to suppress the spin current induced collisions for a longer time, we apply multiple π pulses at constant intervals of τ = 10 ms. The bottom panel of Fig. 1(a) shows absorption images of the m F components of the condensate at T hold = 110 ms observed using sequence2. The observed image is seen to be almost the same as that of the initial state [top image of Fig. 1(a) ]. The COM positions and relative populations for sequence2 are shown in Fig. 1(c) . The COM positions are seen to move around z = 0 with the relative populations of each m F level remaining almost unchanged with increasing T hold . Furthermore, the atom number loss for sequence2 (triangle marks in Fig. 2 ) is less than that for sequence1. These results indicate that the spin current is suppressed by periodic application of π pulses. As a result, spinchanging elastic collisions and hyperfine-changing inelastic collisions are also suppressed.
We have seen that the application of multiple π pulses with an appropriate repetition period can control the spin current and spin current induced phenomena. We now assess the ability of the bang-bang control method to preserve coherence by using a Ramsey interferometry sequence. Firstly, absorption images are acquired for various relative phases φ between the two π/2 pulses in sequence3 [left sequence of Fig. 4(a) ] to probe the Larmor precession in the x − y plane [26] . From the obtained im- Fig. 4(c) ], the signal contrast of the Ramsey interferometer is drastically reduced up to T hold ∼ 20 ms.
In our definition of S z , the spin density is averaged over the whole spatial region. The contrast of S z is thus largely reduced due to the spatial variations of spin direction, that is, the magnetic field gradient-induced spin helicity. For a magnetic field gradient of dB z /dz = 15 mG/cm, the distance ∆z along which the spin helix is twisted by π for T = 20 ms is estimated to be π /[g F µ B (dB z /dz)T ] ≃ 24 µm with g F and µ B being the g-factor and the Bohr magneton, which is comparable to the Thomas-Fermi radius in the z direction ≃ 29 µm.
After the rapid reduction, a slight revival of the contrast is seen for T hold > 100 ms. This revival is clearly reproduced in the simulation [solid curves in Fig. 4(c) ]. This behavior implies that the spin polarization is partially realigned as a result of the oscillation of the spin current in the harmonic optical trapping potential along with the spin-changing collisions. It is interesting to note that such a revival was not observed in the case of a F = 1 elongated BEC [27] .
To prolong the coherence time of the Larmor precession, we applied multiple π pulses at constant intervals of τ = 10 ms in order to remove spin-current induced effects. The filled circles in Fig. 4(c) show S z obtained using sequence4. The signal contrast is almost unchanged up to T hold = 200 ms due to the application of the π pulses. This result demonstrates that bang-bang control is a very effective method for prolonging the spin coherence time.
In conclusion, we have investigated the effects of spin current in an 87 Rb F = 2 Bose-Einstein condensate. A transversely polarized initial spin state is prepared which evolves in the presence of the magnetic field gradient of 15 mG/cm. A gradient induced spin current and subsequent spin-changing collisions were observed. In addition, we probed the Larmor precession of the spin using a Ramsey interferometer. It was found that the contrast of the precession signal is drastically reduced after a few tens of msec. We showed that these various effects can be greatly suppressed by controlling the spin current. The technique shown in this paper is thus useful for maintaining coherence in quantum sensing applications, with a particular example being magnetometry using a BEC. In particular, we note that sequence4 which consists of a Ramsey interferometer with multiple π pulses is directly applicable to techniques of AC magnetometry [17] and spectrum analyzers of the environment [28, 29] . Lastly, we note that while the present work has focused on suppressing the effects of the spin current, in future experiments it may be possible to use the techniques considered here to enhance or otherwise control the spin current rather than suppressing it, opening the door to more fundamental studies of spin transport in spinor BECs. 
